ABSTRACT
It has been shown that the 20S proteasome is the key enzyme that performs these tasks in the cytosol and nucleus of eukaryotic cells (1) (2) (3) . The proteasome is conserved from archebacteria to humans; however, the complexity of subunit composition and, as a result, the catalytic properties have increased during evolution.
'Ur'-proteasomes have been found in two archebacteria (4, 5) that are composed of two X seven identical a and 13subunits, respectively. According to sequence homology, the proteasomal proteins of other species can be grouped in either of these two protein families. The eubacterium Rhodococcus erythropolis contains two different a and 13 species each (6), and eukaryotic proteasomes are composed of seven different a and 13 subunits, respectively (7, 8 
THREE -DIMENSIONAL STRUCTURE OF THE EUKARYOTIC

20S PROTEASOME
The general and conserved proteasome architecture, investigated early by electron microscopy, is a cylindrical barrel with a length of 148 A and a width of 113 A (23) composed of four rings, each containing seven subunits (23, 24) . The peripheral rings consist of a subunits, whereas the two central rings are formed of proteins belonging to the 13 family (25) .
By X-ray crystallography, LOwe and co-workers (23) confirmed this point group of 72, which represents a rare subunit topology.
Only the crystal structure of GroEL reveals the same architecture (26) , but no homology in tertiary structure was observed (23) . Although proteasomal a and 13subunits show only limited sequence homology (26%), they share the same tertiary structure in Ta. (23) and in yeast homologues (27) ; they exhibit a novel folding topology. Central to subunit tertiary structure is an aJ313asand-wich composed of two twisted, five-stranded antiparallel 13-sheets, which are flanked by three a helices on top and two helices at the bottom (Fig. 1) . The sandwich is open on one side in the 1subunits, thus providing entrance to the active site ( Fig. 1) (23, 27) . The same basic subunit architecture has recently been found for other proteins (28) . Since they share not only structural but also mechanistic homology, they were grouped into a new protein family, called amino-terminal nucleophile (Ntn-) hydrolases (28) .
In contrast to the 13 subunit tertiary structure, the entrance to the cleft formed by the 13 sandwich is decorated in the a subunits by the amino-terminal a helix. This helix and the preceding loop are involved in the a subunit contact sites (23, 27) , which explains the inability of an amino-terminally truncated Dro- sophila a subunit to become incorporated in the proteasome complex (29) and the assembly defects of T.a. a subunits after mutational elimination of the first 35 residues (30) . In accordance with the higher complexity of eukaryotic proteasomes, the basic subunit tertiary structure deviates from the T.a. architecture in elongated loops or turns and in the amino-and carboxyl-terminal regions, especially pronounced in yeast 13 subunits, originating in primary structure insertions (27) . Most of these insertions contribute to intersubunit contacts within one ring, and also between neighboring rings, resulting in the ordered arrangement of subunits already observed by immunoelectron microscopy (25) . Each subunit appears twice in eukaryotic proteasomes (25, 27 )-once in each ring, thereby maintaining the C2 symmetry observed for the archebacterial enzyme (23) . The exact topology of the subunit partners within proteasome rings of higher eukaryotes has been elucidated by classical biochemical techniques (31) . With one exchange of subunits (137,N3-'32,Z), the same arrangement was found in yeast (27) and the human enzyme (31).Itistherefore highly conceivable that the subunit topology is conserved among eukaryotic proteasomes (Fig. 2) . z subunits are presented in blue, 13 subunits in green.
The structural stability of the holocomplex is maintained by a tight subunit packing, with excessive interactions between the neighbors within one ring and also among the ring partners (23, 27) . The tight packing of subunits appears to make the complex impermeable to substrate molecules from the outer wall in the proteasome from Ta. (23) . Entrance to the active sites, which are oriented toward the interior of the cylinder, seems to be possible only from the upper and lower rims of the barrel. A cross section through the molecule reveals the existence of three inner compartments that are restricted by narrow gates, produced by protruding loops (23) . The central cavity enclosing the active sites is formed by loops from two 13 rings with a maximum diameter of 53 A.
The highest degree of size restriction for substrate molecules is brought about by gates formed by a subunit-derived loops. These are located at the entrance to the proteasorne cylinder and form a pore with a diameter of 13 A (23) . The gates allow access to the central cavity only for unfolded and extended polypeptide chains. Access to the eukaryotic particle is even more difficult.
According to the crystal structure, the entrance at the upper and lower rims is enclosed in yeast by several layers of tightly packed residues derived from a subunits (27) . A similar observation, however, with a less sensitive technique has been made by an electronmicroscopical analysis of rings formed by the purified recombinant eukaryotic a subunit a7 (C8). They reveal no electron-dense region in the center of top views on electron micrographs (32) . The a ring generated by a single eukaryotic subunit issealed. According to the crystal structure, the only entry ports in yeast proteasome cylinders exist in narrow side windows of 10 A in diameter located at the outer surface of the a/13 ring contacts, and point to the active sites inside the central cavity (27) . The restricted access for substrate molecules explains the observed increased proteolytic activity of this enzyme upon incubation with low concentrations of sodium dodecyl sulfate (SDS) chaotropic agents, or with elevated temperatures (33) . All three experimental features might result in an enlargement of entry ports for substrates. The proteasome quarternary structure provides valuable information to explain its unusual proteolytic properties.
A comparison with other oligomeric complexes of similar architecture is instructive. During the past 3 years the structures of four other circular assemblies with higher than threefold symmetry were solved: GroEL, the serum amyloid P component, the bacterial light harvesting complex, and the tryptophane operon RNA binding attenuation protein (35) . Although there is no homology in primary or tertiary structures among the protein components of these oligomeric particles, the complex architectures share some interesting features.
1)
The circular array is achieved by a symmetrical repetition of subunits, resulting in a closed ring. The ring or even barrel-shaped structure creates a partially closed microenvironment, excluded from bulk solvent, protecting the bound substrate from unproductive side reactions. Dick and co-workers (19) postulated that a substrate protein is degraded in a processive manner by the human 20S proteasome, a conclusion drawn from a kinetic characterization of the products generated.
The same feature has been proposed recently for the Ta. homologue (36) . The observed processivity originates in the closed catalytic chamber of the proteasome, limiting the diffusion of generated intermediates.
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2) Access to the active sites in the central channel of these circular assemblies is restricted by gates. These barriers lead to a selective accessibility for the respective substrates. Regarding the eukaryotic proteasome, only unfolded (19) or ubiquitin-tagged (37) proteins are allowed to enter the catalytic chamber, thereby preventing excessive digestion of bulk proteins in the cytosol.
3) The repetitive array of subunits offer multivalent binding sites, which increase the binding affinity for linear polymers such as unfolded polypeptide chains or DNA and RNA molecules (35) . In consequence, the proteasome might be able to perform simultaneous cuts within the same polypeptide chain, explaining the predominant generation of peptides with 8-10 amino acids (19, 38).
THE PROTEASOME:
A PROTEASE WITH A
NEW CATALYTIC MECHANISM
From mutational studies in yeast, it was shown that proteolytic activity is restricted to the 13 subunits (39).
However, before elucidation of the crystal structure, itwas not possibleto ascribe the enzymatic properties of the proteasome to any of the known protease families, and the amino acid sequence revealed no obvious homolgy to any other proteins (40). Structural information was necessary to elucidate the catalytic mechanism of 20S proteasomes. Calpain inhibitor I, soaked into the crystal, was located in all 14 13 subunits in the archebacterial enzyme and was bound in an extended 13-sheet conformation (23) . The active site residues involved in inhibitor binding reveal a new kind of proteolytic mechanism. The inhibitors aldehyde function pointed to the Thr'01, a catalytic residue that has never been found in a protease (41), suggesting that the amino-terminal residue represents the nucleophile during the catalytic cycle. In addition, Lys33 and Glu'7 are in close proximity to the Thr1 hydroxyl group. The amino-terminal amino group of Thr' or the r amino group of Lys33 are thought to function as the proton donor/acceptor during substrate hydrolysis, which allows the nucleophilic attack of the Thr' oxyanion by abstracting the proton of the hydroxyl group. The proton transfer reaction is supported by a bridging water molecule (27) . Glu'7 is necessary to maintain the correct orientation of Lys33. In summary, the active site of proteasomes isformed by a new kind of catalytic tetrade composed of ThrO1-ThrN-Lys-Glu and involving a amino-terminal nucleophile (23, 27) , a feature shared by a set of enzymes called Ntn hydrolases (28) . The amino-terminal nucleophile can be either a serme as in penicillin acylase, a cysteine as in glutamine amidotransferase, or a threonine as in glycosylasparaginase and the proteasome (28) .
The (Fig. 3) . The initial phase is characterized by protein biosynthesis, followed by the correct tertiary structure formation free in solution of the individual subunits. Subsequently the association of the correct partners has to be guaranteed to form the ring structure.
Finally, the processing of 13 subunits converts the inactive assembly intermediates Due to a less complex subunit composition and the possibility of a recombinant expression in E. coli, the assembly pathway of the T.a. enzyme was elucidated in great detail (30) . The growing knowledge of processes during the assembly of eukaryotic proteasome, however, reveals profound deviations from the ancestral pathway, which are a tribute to the higher complexity of its oligomeric structure.
Tertiary structure formation of individual subunits
Littleisknown about the conformation of eukaryotic proteasomal proteins that enter the complex. It has been shown that a single a subunit a7 (C8), expressed in E. coli, is able, like the archebacterial subunit (30) , to form seven-membered rings (32) . At least for this eukaryotic a subunit, the presence of the correct partners is not necessary to adopt an assembly-competent tertiary structure. It remains to be established whether this is a general characteristic of eukaryotic a proteins. In contrast to the a subunits, most 13 subunits are expressed as proproteins with a prosequence that has to be removed during the maturation process (44, 46). A detailed analysis of the maturation of a large group of proteases, the subtilisin family, has revealed a special role of the prosequence. The amino-terminal propeptide has been shown to be essential for the correct adaption of tertiary structure (47). propeptide is composed of only eight residues, which appears not to be long enough to influence folding of the respective subunit significantly.
In contrast, the eukaryotic 135propep-tide is more than 80 residues long. Thus, an influence on the correct adaption of the subunit tertiary structure might have developed during evolution, explaining the lethal effect of the propeptide deletion of a constitutive yeast subunit (43). The prosequence deletion of a facultative 13 subunit, in contrast, does not interfere with cell viability because of the presence of the constitutive subunit. The cell has enough time to allow the correct structure formatioii of a small amount of the facultative subunit even without prosequence. Since, as discussed below, the facultative subunit might have a higher affinity for the complex than its housekeeping counterpart, it becomes incorporated.
The prosequences of eukaryotic 13 subunits belong to the most variable regions in the primary structure with regard to sequence and length (1, 44) , whereas the prosequences of the subtilisin proteases possess conserved boxes (48). Thus, it is possible that chap-Vol.11
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In support of this view, the recombinant expression of the mature part of 137 (N3) results in 50% soluble protein, suggesting it has adopted, at least partially, the correct tertiary structure without the help of the prosequence (32) as observed for the archebacterial 13subunit (30) .
Assembly
The initial event in complex assembly is characterized by the association of subunits. Although this process is elucidated for the archebacterial proteasome (30), there is only limited information for the complex eukaryotic particle. The assembly competence of recombinant eukaryotic a subunits (32) described above, suggests that the information for sevenfold symmetry and the ring forming capacity is an inherent quality of a subunits. Whereas the coexpression of archebacterial (30) and eubacterial (49) a and 13
subunits in E. coli yielded the correct and active oligomeric complexes, coexpression of a single assemblycompetent eukaryotic a subunit with either one or two 13 subunits did not (32) . Thus, docking of the 13 subunit to the a ring matrix of eukaryotic proteasomes requires subunit specific secondary structure elements provided either by the correct a and/or 13 neighbors.
Since precise information about subunit neighbors is now available, the production of chimeric eukaryotic proteasomes seems possible in the future.
They would represent a valuable tool with which to gain further insight in the specificity of eukaryotic proteasomes.
The expression of the interferon y-mnducible 13 subunit 131i (LMP2) did not result in down-regulation of the expression of the constitutive subunit (10). Both proteins obviously compete for incorporation into the complex.
Thus, the exchange of subunits might be controlled at the level of the initial complex assembly. Since a complete exchange can be achieved by stable overexpression for 131i (LMP2) (50), the facultative 13subunits appear to be more successful in finding the correct partner. Most likely their specific tertiary structure results in higher affinity for the respective neighbor, thereby allowing more efficient docking and incorporation.
After the initial association of subunits, maturation proceeds via distinct assembly intermediates, characterized by different subunit compositions (51-55). and lack the active site residue Thr' and the 132 (Z) proprotein (55) (Fig. 4) . The serological analysis has been corroborated by a 2-dimensional separation of purified precursor complexes (M. Schmidt, unpublished results). The 'early' 13 subunits are direct neighbors in the 13ring (Fig. 2) (27, 55 ). These first assembly intermediates have to be 'half-proteasomes,' otherwise the incorporation of residual 13subunits is hard to envisage. Biochemical analysisof these complexes reveals an approximate molecular mass of 300 kDa, matching half the mass of the mature proteasomes (51, 53, 55). Subunits, which are incorporated later during the assembly pathway (most likely several hours after the initial association of early subunits), are the inactive proteins 136 (CS) and 137(N3) (56). They contain a prosequence but are devoid of an active center. In addition, the two active site-carrying proproteins 135 (MB1) and 131(5) associate late with the residual subunits in the proteasome cylinder. There seems to exist an inverted correlation between the time of incorporation and the kinetics of processing. The early proteins are processed slowly, whereas 'late' subunits are processed very fast. It has been calculated, for example, that turnover of the late subunit pro-f37 (N3) is 10-fold faster than the half-life of the precursor complexes (55). Itwas suggested that the incorporation of the late subunits triggers fast dimerization of the 13S complexes to create a population of processing-competent 16S precursor complexes (55).
Whereas the velocity of incorporation is the same for the exchangeable subunit pairs 132 (Z/MECL1) and for 135(MB1/LMP7) it was reported to be inverted for 131 (d/LMP2) (55). 131i (LMP2) was found early in the precursor complexes, but subunit 131 (5) appeared to be incorporated late. It was speculated that this might be the reason for a biased incorporation of the other facultative subunits (55). Unfor- tunately, the authors do not report the incorporation of subunits of cells in the absence of interferon-y, which would be a prerequisite for a direct (27) . The correct interaction might evolve slowly, finally providing a noncovalent cross-link of the three subunits, enabling a stable association with the a ring. In addition, it is possible that the structural rearrangement includes a subunits, a view that is supported by experiments, suggesting a change in the tertiary structure of an a subunit occuring during the assembly (55 
Processing of 13subunits
The final step in proteasome maturation is the processing event, which has been suggested to occur in the fully assembled cylinder (43, 45, 53 A length reduction of prosequences before the complete assembly might prevent the sterical problems discussed above.
The first cut within the prosequence was suggested to be performed by another active subunit in a trans-
The FASEB Journal SCHMIDT AND KLOETZEL autocatalytic process since proteasome-specific inhibitors were able to block this event (44). Alternatively, a second active site might create this hydrolytic event, as deduced from the fixed orientation of the aminoterminal extension of 136 (CS) and 137(PRE4) in the yeast X-ray structure (27) . A two-step processing mechanism may not be a prerequisite for all prosequence-contamning 13subunits.
Indeed, subunit 132 (Z) was found to be correctly processed without the presence of other active subunits in purified precursor complexes (M. Schmidt, unpublished results). Since this subunit is incorporated early into the complex and is involved in the processing of 137(PRE4, N3) (45), it is possible that this subunit plays a central role in subunit processing. 
